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stage in the wild-type strain, while low levels were maintained in nonsclerotium-producing mutants. Furthermore, applying caffeine, an inducer of PKA activity, resulted in increased relative PKA activity levels and was correlated with the formation of sclerotial initial-like aggregates in cultures of the non-sclerotium-producing mutants. In addition, low PKA activities were found in an antisense smk1 strain, which exhibits low extracellular-signal-regulated kinase (ERK)-type mitogen-activated protein kinase (MAPK) activity, and does not produce sclerotia. The changes in PKA activity, as well as the abundance of phosphorylated MAPKs (ERK-like as well as p38-like) that accompany sclerotial development in a distinct developmental phase manner represent a potential target for antifungal intervention.
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Sclerotinia sclerotiorum is a necrotrophic, phytopathogenic, filamentous ascomycete. It is recognized as a broad-host-range, omnivorous plant pathogen with worldwide distribution. Over 400 species of plants are susceptible to this pathogen (3, 41, 51) . The sclerotium of S. sclerotiorum is a pigmented, asexual, multicellular, and firm resting structure composed of condensed vegetative hyphal cells which become interwoven and aggregate together and is capable of surviving years in soil (8) . The sclerotium allows S. sclerotiorum to survive for long periods of time under adverse conditions. Sclerotia can remain dormant for 4 to 5 years in the soil and retain viability under variable conditions of humidity and temperature (2, 49, 53) . Sclerotia germinate myceliogenically to produce saprophytic or infectious hyphae, and carpogenically to form apothecia. Airborne ascospores derived from the apothecium are the most important means of S. sclerotiorum dispersal (1, 47) .
Sclerotial development can be divided into three distinguishable stages (50) : (i) initiation, the appearance of small distinct initial forms of interwoven hyphae, which develop terminally by repeated branching of long, aerial, primary hyphae and fusion of the branches (52); (ii) development, increase in size; and (iii) maturation, characterized by surface delimitation, internal consolidation, melanization, and, often, associated droplet secretion. These stages are accompanied by both morphological and biochemical differentiation. The initiation and maturation of sclerotia are affected by numerous factors such as photoperiod, temperature, oxygen concentration, mechanical factors, and nutrients (8) .
Oxalic acid is known to play a role in S. sclerotiorum pathogenesis (20) . Neutral or alkaline pH have been shown to increase oxalic acid accumulation and to inhibit sclerotial formation, whereas the process of oxalic acid accumulation leads to the lowering of ambient pH and forms conditions which favor sclerotial development (44) . Thus, pH-mediated signaling could function to regulate sclerotial development and oxalic acid production. The fact that oxalic acid-deficient mutants also have been shown to be unable to produce sclerotia is consistent with the importance of low medium pH in the process of sclerotial development (20) .
Compounds known to increase endogenous cyclic AMP (cAMP) levels by inhibiting phosphodiesterase activity (caffeine and 3-isobutyl-1-methyl xanthine) or by activating adenylate cyclase (NaF) reduce or eliminate sclerotial development in S. sclerotiorum. In addition, incorporation of cAMP into the growth medium decreases or eliminates the production of sclerotia and increases the accumulation of oxalic acid. Together, these results indicate that cAMP plays a role in the early transition between mycelial growth and sclerotial development (43) . A prime candidate for mediating the influence of cAMP is the cAMPdependent protein kinase A (PKA) signal-transduction pathway.
PKA has been shown to mediate the regulation of different pathways in phytopathogenic fungi: dimorphic transition and pathogenicity in Ustilago maydis (16, 17) , appressorium formation and pathogenesis in Magnaporthe grisea (38, 56) , and pathogenesis in Colletotrichum trifolii (58, 59) . The inactive form of PKA is composed of two catalytic subunits (C) and two regulatory subunits (R). Binding of cAMP to two sites in each R subunit imposes a conformational change in these units, leading to the dissociation of the R 2 C 2 complex into dimeric regulatory subunits and active, monomeric, catalytic subunits (39) . The regulative role of PKA in the morphogenesis of phytopathogenic fungi and the demonstrated involvement of cAMP in sclerotial development and oxalic acid accumulation suggest that the cAMP effect may be mediated through PKA. It also is likely that, if a PKA pathway is involved, it functions in concert with additional path-ways, such as those involving small G proteins and mitogenactivated protein kinases (MAPKs).
MAPKs are involved in a variety of cellular pathways in pathogenic fungi. Among them are hyphal growth, virulence, appressorium formation or penetration, response to environmental stress (osmotic stress, UV), plant-fungus interactions, and pheromone signal transduction (14, 54, 55) . The first published genome sequence of a filamentous ascomycete (Neurospora crassa) indicated the presence of three MAPKs: MAK-2, OS-2, and a third MAPK, corresponding to Fus3/Kss1, HOG1, and Slt2/Mpk1 from Saccharomyces cerevisiae, respectively, in filamentous members of the fungal kingdom (4, 19) . We have shown that the MAPK Smk1, an extracellular-signal-regulated kinase (ERK) cloned from Scelerotinia sclerotiorum, is essential for sclerotial development (7) . In addition, smk1 transcript levels were highest under acidic pH, suggesting that Smk1 regulates sclerotial development through a pH-dependent signaling pathway, involving the accumulation of oxalic acid. Because the addition of cAMP inhibited smk1 transcription, MAPK activation, and sclerotial development, it is conceivable that Smk1 can serve as a mediator of environmental cues such as pH to induce sclerotial development in S. sclerotiorum, and that this pathway is negatively regulated by cAMP.
To date, the involvement of PKA in sclerotial development has not been demonstrated. Here, we report on the development of an inducible, near-synchronous, sclerotial development process in S. sclerotiorum and on the changes in PKA activity levels during sclerotial development. We found that relative PKA levels increase during sclerotial development in the wild-type strain, whereas low levels are maintained in non-sclerotium-producing mutants. Furthermore, applying environmental cues that elevate PKA activity was correlated with the formation of sclerotial initial-like aggregates in cultures of the non-sclerotium-producing mutants. We also found low PKA activity levels in the Smk1 mutant subjected to conditions that repress sclerotial development. Our results demonstrate clear fluctuations in the activity of PKA and the MAPKs, two of the backbone signal-transduction pathways in filamentous fungi.
MATERIALS AND METHODS
S. sclerotiorum growth conditions and synchronization of sclerotial formation. Wild-type S. sclerotiorum isolate 1980 and mutants A-1, A-3, and A-4 (20) , as well as the Smk1 mutant (7), were used in this study. A-1, A-3, and A-4 are UV-induced prototrophic mutants deficient in oxalic acid production and sclerotial formation (20) . The Smk1 strain harbors a construct expressing the S. sclerotiorum MAPK 1 gene (smk1) gene in an antisense orientation (7) . Strains were routinely maintained on potato dextrose agar (Difco Laboratories, Detroit).
For all experimental procedures, unless otherwise stated, the fungus was grown on Joham Synchronized sclerotial development was induced by plating blender-macerated and subsequently Büchner-filtered hyphal agar plugs on filter paper (Schleicher & Schuell #595) overlaying glass beads that were covered with liquid medium. Plates were incubated at 18°C and continuously shaken at 120 rpm. In this system, part of the mycelium (adjacent to the filter paper) was in contact with the medium while the other was exposed to air, which induced sclerotial formation.
Western blot analysis.
Following different treatments, cultures were harvested and immediately frozen in liquid nitrogen, ground, and suspended in extraction buffer consisting of 1 M Sorbitol, 10 mM HEPES (pH 7.5), 5 mM EDTA, 5 mM EGTA, 5 mM NaF, 0.1 M KCl, 0.2% (wt/vol) Triton X-100, and Complet (Roche Applied Science, Mannheim, Germany) protease inhibitor mixture. After 40 to 45 min of incubation on ice, samples were centrifuged for 40 min at 10,000 × g and the supernatant was transferred to a new tube. Cell-lysate protein concentrations were quantified by the Bradford protein assay (5). Proteins were resolved by 10 or 12% (wt/vol) sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Western blotting was performed by standard procedures (46) . Antibodies used throughout this study included anti-phospho-MAPK antibodies raised against mammalian ERK1/2 (MAPK/extracellular signal-regulated kinases) and p38 (New England Biolabs, Beverly, MA) and goat peroxidase-coupled secondary antibodies (Sigma-Aldrich, St. Louis).
PKA activity assays. Protein extracts prepared from S. sclerotiorum cultures subjected to different treatments were first frozen in liquid nitrogen and then ground (twice, for 30 s, at 4,000 rpm) with 0.5-mm glass beads in a Bio101 bead beater (Savant, Farmingdale, NY) in extraction buffer consisting of 50 mM Tris-HCl (pH 7.5), 5 mM EDTA, 5 mM EGTA, 10 mM NaF, 0.1 M KCl, 0.5% (vol/vol) Triton X-100, and 0.2% (wt/vol) SDS. The homogenate was centrifuged for 40 min at 10,000 × g and the supernatant recovered for PKA activity assays. Equal quantities (as determined by Bradford protein assay) of protein extract were utilized for further analysis of PKA activity.
Relative in vitro PKA activity was determined on the basis of kemptide phosphorylation, as measured with the PepTag kit (Promega Corp., Madison, WI) and with minor modifications of the manufacturer's instructions (the PKA activator was diluted 10-fold and the enzymatic reaction was carried out for 60 min). The PepTag assays utilize fluorescent peptide substrates specific for PKA. Phosphorylation of the substrate by PKA alters the peptide's net charge from +1 to -1, allowing separation of the phosphorylated substrate from the nonphosphorylated one on an 1.5% agarose gel, 50 mM Tris-HCl (pH 7.5). All experiments testing for PKA activity were repeated three times.
RESULTS
Synchronization of sclerotial development. Under standard culturing conditions, sclerotial production is not synchronous and thus limits the possibility of following the kinetics of biochemical reactions or gene expression. Therefore, we developed a method for obtaining nearly synchronized production of sclerotia. On day 2 after incubation, hyphal aggregates appeared, indicating the formation of sclerotium initials that many of them eventually developed into sclerotia. On day 3, the sclerotia initials developed to form white rigid structures often accompanied by droplet secretion. By day 4, melanization of the rigid sclerotial initials and formation of melanized sclerotia was evident (Fig. 1A) . Under standard growth conditions (e.g., when petri dishes containing solid medium are inoculated, in their center, with mycelial discs and incubated at 18°C), sclerotial development accompanies the progression of radial hyphal growth. Typically, sclerotial initials appear after 3 to 4 days and their number gradually accumulates over the culturing period. In contrast, after maceration and exposure to air, most of the sclerotial initials appear 3 days after induction. Thus, even though the number of sclerotial initials in standard and synchronized cultures is similar, their rate of accumulation in near-synchronized cultures is markedly steeper and most sclerotium initials are already visible after the third day (Fig.  1B) . Therefore, our protocol provides a convenient tool for studying the characteristics of sclerotial development and was used throughout this study.
Alterations in PKA activity during sclerotial development.
To analyze the possible involvement of PKA during sclerotial development, we measured relative in vitro PKA activity in extracts obtained from different morphological stages of sclerotial development (initials, white sclerotia, and melanized sclerotia). Clear differences in relative PKA activity were observed during the different phases of sclerotial development in cultures induced to produce sclerotia. Whereas only minimal activity was detected during the initiation stage, significant increases were observed during the formation of white sclerotia, followed by a reduction in PKA activity, as detected in the melanized sclerotial extracts (Fig. 2A) .
Additional evidence for the possible involvement of PKA in sclerotial development could be deduced by measuring relative PKA activity in S. sclerotiorum mutants (A-1, A-3, and A-4) that failed to produce sclerotia (20) . Using the described protocol, PKA activity was determined to be low in the non-sclerotiumproducing strains of S. sclerotiorum, when compared, in parallel, with that of the white and melanized sclerotial stages in the wildtype cultures induced to form sclerotia. These lower PKA-activity levels were consistent in all three mutants tested (Fig 2B) .
These results are consistent with previous reports demonstrating that PKA mediates the regulation of various morphological pathways in other phytopathogenic fungi (16, 17, 38, 56, 58, 59) . It is likely that at least some of the effects of PKA can be directed or mediated through additional signal-transduction pathways. A prime candidate for such an additional pathway is the MAPK pathway (33) .
Induction of PKA activity is correlated with production of sclerotial initial-like aggregates in non-sclerotium-producing mutants of S. sclerotiorum. Caffeine has been shown to increase the accumulation of endogenous cAMP levels in S. sclerotiorum (43) . This mechanism is inferred to be inhibiting phosphodiesterase activity. Because PKA is activated through binding to cAMP (39) , it is reasonable to postulate that the addition of caffeine to the S. sclerotiorum culture media will lead to an increase in PKA activity by elevating the endogenous level of cAMP within the fungal cell. PKA activity was correlated with sclerotial development in the wild type, and it was low in the non-sclerotium-producing mutants; therefore, the influence of caffeine, as an inducer of PKA activity, on the morphology of the non-sclerotium-producing mutants was tested.
Inoculating macerated hyphae of A-1, A-3, and A-4 mutants on media containing 2.5 mM caffeine resulted in the production of morphological structures consisting of condensed hyphae that visually resembled the sclerotial initials formed in the wild type (Fig. 3A) . These initial-like aggregates did not proceed to produce mature sclerotia in time or in higher concentrations of caffeine. This phenomenon was evident in the three mutants examined. In contrast, treating the mutant strain-hyphae with 5 µM Polyoxin D, a chitin-synthase inhibitor, did not invoke this morphological effect, suggesting that imposing an unrelated stress does not confer this phenotypic alteration. Because the presence of caffeine confers cAMP accumulation, we tested whether caffeine induces an increase in PKA activity in the sclerotial initial-like aggregates. Indeed, the appearance of sclerotial initial-like aggregates, induced by caffeine, in the non-sclerotium-producing mutants was correlated with increased levels of PKA activity (Fig. 3B) . Sodium succinate induces sclerotial initial-like aggregate development in non-sclerotium-producing mutants of S. sclerotiorum. Addition of sodium succinate, an inducer of oxalic acid production (37) , to the A-1, A-3, and A-4 mutants induced accumulation of oxalic acid in the culture media and reestablished pathogenesis (20) . When testing for morphological changes, we found that, after plating macerated A-3 strain hyphae on medium containing 1.5% (wt/vol) sodium succinate, hyphal aggregates resembling sclerotial initials formed. This effect was significantly enhanced when the growth medium also was amended with 2.5 mM caffeine (Fig. 4) . The same phenomenon was observed for A-1 and A-4 non-sclerotium-producing mutants. Moreover, in additional experiments, we determined that the presence of sodium succinate does not inhibit hyphal growth. Thus, we concluded that the morphological changes observed in the mutants are not the result of an inhibitory effect of sodium succinate on hyphal elongation. To determine whether sodium succinate-mediated sclerotial development is correlated with increased PKA activity, we examined whether the appearance of hyphal aggregates in the non-sclerotium-producing mutants in the presence of sodium succinate was accompanied by an increase in PKA activity levels. PKA activity levels of the three mutants grown in the presence of sodium succinate was not altered relative to growth on control media, consistent with the possible presence of a PKAindependent pathway (C. Chen and M. B. Dickman, unpublished data) regulating sclerotium formation.
Alteration of phosphorylated MAPK protein levels during sclerotial development. MAPKs are involved in a variety of cellular pathways that regulate morphogenesis in pathogenic fungi (14, 54, 55) . Previously, we demonstrated that Smk1, an ERK MAPK of S. sclerotiorum, is essential for sclerotial development (7) . Here, we expanded the analysis of MAPK protein phosphorylation during different stages of sclerotial development. The levels of active ERK1/2 (corresponding to Smk1 in S. sclerotiorum) and p38 (corresponding to HOG1 in S. cerevisiae) were detected with polyclonal antibodies against the phosphorylated, active forms of these proteins (Fig. 5) . We found an increase in the phosphorylated forms of ERK and p38 during the stage of sclerotial initiation, which than decreased as the sclerotia matured, demonstrating the likely involvement of more than one MAPK, functioning simultaneously, in S. sclerotiorum sclerotial development. These results were consistent in protein extracts obtained from three independent experiments in which cultures had been induced to form sclerotia.
Relative PKA activity during sclerotial development in an Smk1 mutant. There is growing evidence of cross-talk between PKA and MAPK pathways in fungal pathogens (28, 32, 34) and in Saccharomyces cerevisiae (45) . Furthermore, in several cases, studies in mammalian systems have suggested that the PKA pathway regulates MAPK pathways (10, 11, 24, 57) . To examine the potential link between MAPK and PKA in Sclerotinia sclerotiorum, we utilized a S. sclerotiorum transformant, in which an inducible antisense RNA is used to regulate Smk1 expression (7) . Relative activity of PKA was measured in protein extracts prepared from smk1 mutant hyphae grown under conditions in which smk1 antisense expression was induced (15 mM quinic acid) or repressed (15 mM glucose). The levels of PKA activity were lower in the antisense smk1 strain grown in the presence of quinic acid in contrast to increased PKA activity levels measured in the antisense smk1 strain grown on medium supplemented with glucose (Fig. 6A) . The presence of quinic acid in the culture medium of the wild-type strain did not reduce PKA activity (Fig.  6B) , indicating that the changes in PKA activity are not a result of an alternative effect induced by the presence of quinic acid in the culture medium. Thus, as with the reduced PKA levels observed in the A-1, A-3, and A-4 mutants, a similar phenomenon could be observed in a genetically characterized mutant that is impaired in sclerotial production.
DISCUSSION
S. sclerotiorum is capable of survival for years in soil (8) and spends approximately 90% of its life cycle as sclerotia. Airborne ascospores, derived from apothecia which develop from the sclerotia, are the most important means of S. sclerotiorum dispersal (1, 47) . Therefore, sclerotia are a major means of survival and, in many instances, serve as the source of initial inoculum of plant diseases caused by S. sclerotiorum (1, 2, 47, 49, 53) . Understanding the physiological and molecular mechanisms involved in sclerotial development in S. sclerotiorum can enhance our understanding of sclerotial development in various fungi and may provide new avenues for intervention in this process, leading to improved control of disease caused by sclerotium-borne fungi.
Synchronization of sclerotial growth. A protocol for the induction of nearly synchronous sclerotial development was established. In the basidiomycete Sclerotium rolfsii, sclerotium formation on agar plates usually occurs when the mycelium approaches the edge of the petri dish. However, the process also can be induced by shearing the mycelium (23); amending the growth medium with iodoacetic acid (9), lactose (40), or threonine (30); or transferring the mycelium from a submerged to an aerial growth environment (22) . Not all the treatments inducing sclerotial development in S. rolfsii affect this process in Sclerotinia sclerotiorum. For example, addition of threonine or iodoacetic acid to the culture medium of S. sclerotiorum did not result in synchronous induction of sclerotial development (O. Erner and O. Yarden, unpublished data). However, combining two of the treatments shown to induce sclerotial formation in Sclerotium rolfsii (i.e., shearing of the mycelium [23] and switching it from submerged to aerial growth [22] ) resulted in the near-synchronous formation of sclerotia in Sclerotinia sclerotiorum. In this study, our protocol for inducing nearly synchronous sclerotial development enabled the characterization of changes in PKA and MAPK activity during sclerotial development. This tool may prove useful in future analyses of sclerotial development in S. sclerotiorum and other fungi.
The involvement of PKA during sclerotial development. The importance of PKA in the regulation of morphogenesis in other fungi (16, 17, 38, 56 ) led us to investigate the possible involvement of this enzyme in sclerotial development. The increase in relative PKA activity levels during the production of white sclerotia implied that PKA activity is most likely involved in sclerotial development.
This possibility was further supported by the observation that, in non-sclerotium-producing mutants, PKA activity levels were much lower at time points paralleling the appearance of white sclerotia or melanized sclerotia in the wild type. To further test our hypothesis, we subjected the non-sclerotium-producing mutants exhibiting low PKA activity to caffeine, which is known to induce an increase in PKA activity. As expected, this treatment did increase PKA activity (Fig. 3B) . Interestingly, this increase in relative enzyme activity also was accompanied by the formation of sclerotial initial-like aggregates. We propose that the caffeineinduced increase in PKA activity was due to an increase in intracellular cAMP levels (43), even though caffeine has been shown to be capable of exerting its activity via additional pathways (35, 36) . The observation that caffeine induces hyphal fusion in the filamentous ascomycete N. crassa (A. Harel and O. Yarden, unpublished data) raises the intriguing possibility that this also may be the case in S. sclerotiorum, because anastomosis was shown to play a role during the initiation stage of sclerotial development in this pathogen (52) .
Further support of the hypothesis that PKA is involved in sclerotial development can be deduced from the observation that an smk1 antisense strain, an additional strain that does not produce sclerotia, exhibited low levels of PKA activity when grown in conditions that induce smk1 antisense expression (15 mM quinic acid).
A PKA catalytic subunit gene recently was cloned and disrupted in S. sclerotiorum (27) . Disrupted strains still produced sclerotia and were cAMP responsive. However, significant levels of PKA activity were still present, suggesting the existence of a second PKA catalytic subunit functioning in this fungus. C. Chen and M. B. Dickman (unpublished data) have demonstrated that the expression of a dominant negative form of S. sclerotiorum Ras also inhibits sclerotial development and MAPK activation. In S. cerevisiae Ras, proteins are known to interact with the enzyme adenylyl cyclase and stimulate the production of cAMP (18, 48) which, in turn, results in the activation of PKA to induce the Ras/PKA pathway (6). Our current results, demonstrating the developmentally coordinated changes in PKA activity, together with the evidence for an Ras/MAP pathway, emphasize the requirement to further determine the hierarchical nature of PKA's involvement in sclerotial development.
In summary, we established four lines of evidence for the specific involvement of PKA in sclerotial development: (i) the correlation between changes in relative PKA activity and sclerotial development in the wild-type strain; (ii) the low relative PKA activity observed in non-sclerotium-producing mutants; (iii) morphological changes (sclerotial initial-like aggregate formation) in nonsclerotium-producing mutants induced by caffeine, a PKA activity activator, which correlated with an accompanying increase in PKA levels; and (iv) low PKA activity in the smk1 mutant subjected to conditions that prevented sclerotial development.
Additional evidence for the involvement of PKA in sclerotial development potentially could be produced by the use of specific PKA inhibitors, such as H89 or KT5720. However, these compounds do not affect sclerotial development in vivo (43) . This is not the only case of significant differences between in vivo and in vitro activity of inhibitors tested in fungi. For example, it has been shown that okadaic acid, a specific inhibitor of protein phosphatase type 2A and 1 (PP2A and PP1), does not inhibit hyphal growth of N. crassa, even though it is a potent inhibitor of N. crassa PP2A in vitro (31) . This reemphasizes the potential limitations of using enzyme inhibitors, which are otherwise useful tools in dissecting cellular processes.
Sodium succinate mediated sclerotial initial-like aggregate formation. Oxalic acid accumulation is involved in sclerotial development (44) and the addition of sodium succinate, an inducer of oxalic acid production (37) , to the A-1, A-3, and A-4 mutants induced accumulation of oxalic acid in the culture media (20) ; therefore, we determined whether sodium succinate could invoke sclerotial development in the non-sclerotium-producing mutants. Amending the standard growth medium with sodium succinate had no effect on sclerotial development in the mutants. However, sclerotial initial-like aggregates were evident when sodium succinate was amended to the media in which macerated hyphae had been grown. These results imply that the effect of sodium succinate is exerted at a stage downstream of the effect induced by maceration and exposure to air and cannot compensate for the cellular processes triggered by the physical treatment. Induction of sclerotial initial-like-aggregate forms in the non-sclerotiumproducing mutants by sodium succinate was not accompanied by an increase in PKA activity levels. This result also could imply that this pathway is downstream of PKA, or that there is an additional PKA-independent pathway involving succinate or oxalate which mediates sclerotial development. Determining the genetic defect in the non-sclerotium-producing strains could contribute significantly to our understanding of the process involved, but attempts to clone the relevant genes have been unsuccessful (M. B. Dickman, unpublished data).
The involvement of MAPKs in sclerotial development of S. sclerotiorum. We previously showed that Smk1 is an essential MAPK for sclerotial development during the formation of sclerotium initials (7) . We explored whether this phenomenon is related to more than one MAPK species. The observation that the activity of the S. sclerotiorum HOG1 homologue also is correlated with sclerotial development and is coordinated with changes in Smk1 phosphorylation implies that sclerotial development is a complex process in which more than one MAPK is involved. HOG1 and its homologues are involved in regulating the osmoticstress response in S. cerevisiae and other fungi (13,15,21,54,60 ). Sclerotial development is accompanied by the accumulation of carbohydrates capable of inducing osmotic stress, such as trehalose and mannitol (53) ; therefore, sclerotial development may be accompanied by an increase in intracellular osmolyte accumulation. Thus, an increase in the levels of active HOG1 could mediate an osmotic-stress response which may accompany sclerotial development.
Recently, research in U. maydis has presented evidence of crosstalk between the cAMP-PKA signaling pathway and a MAPK pathway influenced by Ras2 (33) . Ras2-suppressor mutations were identified that restored budding growth to a constitutively filamentous mutant with a defect in the gene encoding a catalytic subunit of PKA. Whether or not a similar form of crosstalk functions in S. sclerotiorum has yet to be determined.
Interconnecting pathways of cAMP and PKA for sclerotial development. Spatial and temporal regulation of the activity of signal-transduction components is a prerequisite for their successful function. Thus, alterations in PKA or MAPK activity may have a significant influence on the outcome of the processes they regulate. The development of the complex morphological sclerotium of S. sclerotium is a multistage process which is activated by genetically based developmental programs and influenced by environmental changes. Some of these processes are mediated by signal-transduction pathways, which we detected here by monitoring the changes in activity of biochemical components such as PKA and MAPK.
cAMP-an inducer of PKA activity-has been shown to negatively affect sclerotial development (43) . This may appear to contradict our findings that increased PKA activity accompanies sclerotial development and that induction of PKA activity can enhance the initial phase of sclerotial development in non-sclerotium-producing mutants. However, during sclerotial development, PKA activity levels change dramatically with time. Therefore, it may be that the temporal or quantitative aspects of PKA activity levels are significant components of PKA-mediated morphology in S. sclerotiorum. Thus, constant PKA activity (as may be imposed by the presence of cAMP in the growth medium) may result in the inhibition of sclerotial development during the early phase, in line with the apparent requirement for low PKA activity levels that we found in hyphal initials, which may be part of the process regulating the initiation of the morphological process. Alternatively, some of the effects imposed by increased intracellular cAMP levels may not be mediated by PKA. Though such non-PKA mediators have yet to be found in S. sclerotiorum, proteins known to interact with cAMP have been detected in other organisms (12, 25, 29, 39) .
Functional and sequence analyses have demonstrated the existence of more than one PKA catalytic subunit in several fungi (4, 17, 19, 27, 56) . Therefore, it is conceivable that this may be the case in S. sclerotiorum as well. Isolation and subsequent inactivation (or overexpression) of the related genes (single or double disruption) will help determine the degree of PKA involvement in sclerotial development and its possible interaction with the signal-transduction pathways in regulating morphogenesis in S. sclerotiorum.
